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High Figure of Merit Dispersion Compensating Fiber For Standard 
Single Mode Fiber And Transmission System Utilizing Same 

Background of the Invention 

Field of the Invention 

[0001] The present invention relates generally to optical fiber, and particularly to dispersion 
compensating optical fibers and systems employing same. 

Technical Background 

[0002] Increased demand for higher bit transmission rates has resulted in a large demand for 
optical transmission systems that can control and minimize dispersion effects. Analysis of 
common optical transmission systems indicates that while optical transmission systems can 
tolerate fairly large amounts of residual dispersion at 1 0 Gbit/second, these systems can 
tolerate only small amounts of residual dispersion at higher transmission rates of about 40 
Gbit/second without causing unwanted signal distortion. Therefore, it is of the utmost 
importance to accurately control dispersion in such high bit-rate optical transmission systems 
across the entire wavelength band of interest. Moreover, dispersion control becomes 
increasingly important as the transfer rate increases. In addition to the need to accurately 
control dispersion, it is also desirable to compensate for dispersion slope of the transmission 
fiber as transmission rates approach 40 Gbit/second. 

[0003] Various solutions have been proposed to achieve the dispersion and dispersion slope 
values required for compensating standard single mode optical fibers. One favored approach 
involves housing a dispersion compensating fiber in a dispersion compensating module 
wherein accumulated dispersion of the transmission fiber is compensated for at the end of the 
fiber span where the fiber end is accessible. Such modules include a length of dispersion 
compensating fiber wound onto a spool or reel. 

[0004] One example of a dispersion compensating fiber used to compensate for standard 
single mode fiber, such as SMF-28® manufactured and marketed by Corning Incorporated of 
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Corning, New York is described in US Patent Application 2003/0053780. Only a relatively 
short length of this dispersion compensating fiber is required to compensate for an 
approximately 100 km length of standard single mode transmission fiber at 1550 nm. 

[0005] Two important parameters in dispersion compensating modules are Figure of Merit 
(FOM) and Insertion Loss (IL). As the length of dispersion compensating fiber required to 
compensate for the dispersion of the transmission fiber increases, so does the attenuation 
contributed thereby, and, thus, so does insertion loss. Typically, the main contribution to IL 
is the attenuation of the dispersion compensating fiber itself. FOM is the ratio of the absolute 
value of dispersion at 1550 nm divided by fiber attenuation at 1550 nm. A high FOM 
number is desirable, as it is a measure of how much loss is induced by addition of the 
dispersion compensating fiber to compensate for the accumulated system dispersion of the 
span including the standard single mode fiber. 

[0006] Thus, there is a need for a dispersion compensating fiber for compensating dispersion 
in spans of standard single mode fiber which has increased FOM and lower IL such that the 
fiber introduces less loss while compensating for accumulated dispersion in the system. 
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Summary of the Invention 

Definitions : 

[0007] The following definitions and terminology are commonly used in the art. 

[0008] Refractive index profile - The refractive index profile is the relationship between the 
refractive index ( A %) and the optical fiber radius in microns (as measured from the 
centerline of the optical fiber). 

[0009] Segmented core - A segmented core is one that has multiple segments in the physical 
core, such as a first and a second segment, for example, including any two of the following: a 
central core segment, a moat segment, and a ring segment. Each segment has a respective 
refractive index profile and a maximum and minimum refractive index therein. 

[0010] Effective area - The effective area is defined as: 

A eff =27z{\E 2 rdr) 2 l(\E A rdr), 

wherein the integration limits are 0 to oo, and E is the electric field associated with the 
propagated light as measured at 1550 nm. 

[0011] Relative refractive index percent A% - The term A% represents a relative measure 
of refractive index defined by the equation: 
A% = 100x<>, 2 -n c 2 )I2n 2 
where A% is the maximum (or minimum in the case of a moat) refractive index of the index 
profile segment measured relative to the refractive index of the clad layer. 

[0012] Alpha-profile - The term alpha-profile refers to a refractive index profile of the 
central core expressed in terms of A(b)% where b is the radius, and which follows the 
equation: 

A(b)% = {Ab 0 (1 - [\b - b 0 1 lib, - b 0 )] a }x 1 00 , 



Page 3 of 27 



where b Q is the maximum point of the profile of the core and b } is the point at which A(b)% is 
zero and b is the range of b. less than or equal to b less than or equal to b f , where A% is 
defined above, b. is the initial point of the alpha-profile, b f is the final point of the alpha- 
profile, and alpha is an exponent which is a real number. 

[0013] Pin array macro-bending test - This test is used to test compare relative resistance 
of optical fibers to macro-bending. To perform this test, attenuation loss is measured at 1550 
nm when the optical fiber is arranged such that no induced bending loss occurs. This optical 
fiber is then woven about the pin array and attenuation again measured at the same 
wavelength. The loss induced by bending is the difference between the two attenuation 
measurements (in dB). The pin array is a set of ten cylindrical pins arranged in a single row 
and held in a fixed vertical position on a flat surface. The pin spacing is 5 mm, center-to- 
center. The pin diameter is 0.67 mm. The optical fiber is caused to pass on opposite sides of 
adjacent pins. During testing, the optical fiber is placed under enough tension sufficient to 
make to the optical fiber conform to a portion of the periphery of the pins. 

[0014] Lateral load test - The lateral load test provides a measure of the micro-bending 
resistance of the optical fiber. In this test, a prescribed length of optical fiber is placed 
between two flat plates. A No. 70 wire mesh is attached to one of the plates. The known 
length of optical fiber is sandwiched between the plates and the reference attenuation is 
measured while the plates are pressed together with a force of 30 newtons. A 70 newton 
force is then applied to the plates and the increase in attenuation and dB/m is measured. This 
increase in attenuation is the lateral load attenuation (dB/m) of the optical fiber. 

[0015] According to embodiments of the invention, a dispersion compensating optical fiber is 
provided which has a refractive index profile with a central core segment having a positive 
relative refractive index (Ai) and a core outer radius (rO, a moat segment surrounding the 
central core segment having negative relative refractive index (A 2 ) and a moat outer radius 
(r 2 ), and a ring segment surrounding the moat segment having a positive relative refractive 
index (A3), a ring center radius (r 3 ) to a center of the ring segment, a ring width (W r ) 
measured at half the height of the relative refractive index of the moat segment (A 3 ) wherein 
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the ring segment is offset from the moat outer radius (r 2 ) by a ring offset (X G ) greater than 0.4 
Hm wherein Xo = r 3 - r 2 - Wr/2. The refractive index profile of the dispersion compensating 
fiber according to the invention results in a total dispersion of less than -120 ps/nm/km and 
greater than -145 ps/nm/km at 1550 nm, and a dispersion slope of less than -0.36 and greater 
than -0.56 ps/nm 2 /km at 1550 nm. 

[0016] In accordance with further embodiments of the invention, the dispersion 
compensating fiber preferably includes a kappa, defined as the total dispersion at 1550 nm 
divided by the total dispersion slope at 1550 nm, of between about 240 to 335 nm; more 
preferably 250 and 320 nm; and more preferably yet between about 275 and 300 nm. The 
dispersion compensating optical fiber in accordance with embodiments of the invention, also 
includes a Figure Of Merit (FOM), defined as the absolute value of total dispersion at 1550 
nm divided by attenuation at 1550 nm, of preferably greater than 240 ps/nm/dB; more 
preferably greater than 260 ps/nm/dB; more preferably yet greater than 275 ps/nm/dB; and in 
some embodiments, greater than 300 ps/nm/dB. 

[0017] According to other embodiments of the invention, the dispersion compensating 
optical fiber described herein is preferably included in an optical transmission system and is 
optically coupled to a standard single mode transmission fiber having a total dispersion 
between about 14 and 21 ps/nm/km at 1550 nm wherein for all wavelengths within a 
transmission wavelength band between 1525 nm to 1570 nm, the optical transmission system 
exhibits a residual dispersion of less than ± 15 ps/nm per 100 km of the standard single mode 
transmission fiber; more preferably less than ±10 ps/nm per 100 km of the standard single 
mode transmission fiber; and for some embodiments, less than ± 6 ps/nm per 100 km of the 
standard single mode transmission fiber. The dispersion compensating fiber in accordance 
with the invention is preferably included in a dispersion compensating module. 

[0018] In accordance with further embodiments of the invention, a dispersion compensating 
optical fiber preferably comprises a refractive index profile having a central core segment 
with a relative refractive index (Aj) between 2.1 % and 1.5 % and an outer radius (rj) of 
between 1 .4 and 1 .9 Jim, a moat segment surrounding the central core segment with a relative 
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refractive index (A 2 ) of between -0.3 and -0.5 % and a moat outer radius (r 2 ) between 3.9 and 
5.3 jam, and a ring segment surrounding the moat segment with a relative refractive index 
(A 3 ) of between 0.24 and 0.54 %, a ring radius (r 3 )to a center of the ring segment of between 
5.5 and 7.7 jim, a ring width (W r ) measured at one-half the relative refractive index (A 3 ) of 
the central core segment wherein the ring segment is offset from the moat outer radius (r 2 ) by 
a ring offset (Xo) greater than 0.4 jam wherein Xo = r 3 - r 2 - Wr/2, and the refractive index 
profile results in a total dispersion of less than -120 ps/nm/km and greater than -145 
ps/nm/km at a wavelength of 1550 nm, a total dispersion slope of less than -0.40 and greater 
than -0.55 ps/nm 2 /km at a wavelength of 1 550 nm; and a kappa, defined as the total 
dispersion at 1550 nm divided by the dispersion slope at 1550 nm, of between 250 and 320 
nm. 

[0019] Additional features and advantages of the invention will be set forth in the detailed 
description which follows, and in part will be readily apparent to those skilled in the art from 
that description or recognized by practicing the invention as described herein, including the 
detailed description which follows, the claims, as well as the appended drawings. 

[0020] It is to be understood that both the foregoing general description and the following 
detailed description present embodiments of the invention, and are intended to provide an 
overview or framework for understanding the nature and character of the invention as it is 
claimed. The accompanying drawings are included to provide a further understanding of the 
invention, and are incorporated into and constitute a part of this specification. The drawings 
illustrate various embodiments of the invention, and together with the description serve to 
explain the principles and operations of the invention. 
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Brief Description of the Drawings 

[0021] Fig. 1 is a partial cross-sectional isometric view of a dispersion compensating fiber in 
accordance with embodiments of the present invention. 

[0022] Figs. 2 and 3 are schematic diagrams of optical transmission systems employing the 
dispersion compensating fiber in accordance with embodiments of the invention. 

[0023] Fig. 4 is a plot of a refractive index profile (Delta % vs. Radius (|am)) of a first 
embodiment of dispersion compensating fiber in accordance with the invention. 

[0024] Figs. 5-8 are plots of alternative refractive index profiles for several embodiments 
(examples b-e) of the dispersion compensating fiber in accordance with the invention. 

[0025] Fig. 9 is a graph of total dispersion (ps/nm/km) versus wavelength (nm) for the 
dispersion compensating fiber examples a-e according to embodiments of the invention. 

[0026] Fig. 10 is a graph of total dispersion slope (ps/nm 2 /km) versus wavelength (nm) for 
fiber examples a-e in accordance with embodiments of the invention. 

[0027] Fig. 1 his a graph of the kappa (nm) versus wavelength (nm) for dispersion 
compensating fiber examples a-e in accordance with embodiments of the present invention. 

[0028] Fig. 12 is a graph of residual dispersion (ps/nm) versus wavelength (nm) for fiber 
examples a-e according to embodiments of the invention. 

[0029] Figs. 13-14 are refractive index plots of Delta % versus Radius ()im) for experimental 
fiber examples 1 and 2 in accordance with embodiments of the present invention. 

[0030] Figs. 15-19 are plots of alternative refractive index profiles for several embodiments 
(examples f-j) of the dispersion compensating fiber in accordance with the present invention. 

Page 7 of 27 



Detailed Description of the Preferred Embodiments 

[0031] Reference will now be made in detail to the present preferred embodiment(s) of the 
invention, examples of which are illustrated in the accompanying drawings and tables. 
Whenever possible, the same reference numerals will be used throughout the drawings to 
refer to the same or like parts. 

[0032] A family of the dispersion compensating optical waveguide fibers in accordance with 
the present invention is shown and described with reference to Figs. 1, 4-8, and 13-14 and 
designated generally throughout by the reference numeral 20. The dispersion compensating 
fibers 20 described and disclosed herein have a generally segmented core structure. Each of 
the segments (e.g., the central core, moat, and ring) are described and defined by a refractive 
index profile, a relative refractive index percent, Ai, A2, A3, and representative radii, r p r 2 , r 3 , 
the ring width, Wr, and ring offset, Xo. Radii for the various segments are all measured from 
the optical fiber's longitudinal axis center line CL. 

[0033] Referring now to Figs.l, and 4-8, the dispersion compensating fibers 20 according to 
the invention include a physical core 21 and a clad layer 30 surrounding the core; the clad 
layer 30 surrounding the core and having a refractive index of n.. According to the invention, 
the segmented core 21 of the family of dispersion compensating fibers 20 herein further 
includes a central core segment 22 closest to the fiber's centerline and having an outer radius, 
r p and an alpha profile; a moat segment 24 surrounding and contacting the central core 
segment 22 and having an outer radius, r 2 ; and an annular ring segment 26 surrounding and 
contacting the moat segment 24 and having a center radius r 3 , a half height width, Wr, and an 
offset dimension Xo. Annular clad layer 30, which is preferably un-doped silica, surrounds 
and abuts the ring segment 26. Clad layer 30 preferably has an outer radius of about 62.5 
microns (although various refractive index plots are shown truncated at about 10 microns for 
clarity). The outermost glass portion of the fibers 20 are preferably covered with a protective 
UV curable polymer coating 34 to an outside diameter of about 250 |am. The coating 34 is 
preferably a two-modulus acrylate coating having a softer-modulus inner primary coating and 
a harder-modulus secondary outer coating, as is conventional. 
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[0034] A relative refractive index profile for a first embodiment of dispersion compensating 
fiber 20 according to the invention is illustrated in Fig. 4. Variations of the profile of Fig. 4 
are shown and help describe the family of fibers claimed herein. Fig. 4 shows relative 
refractive index (in percent) charted versus the dispersion compensating fiber radius (in 
microns). Further, Fig. 4 illustrates the conventions used throughout for the deltas, A ]} A 2 , A 3 , 
representative radii, r p r 2 , r 3? r 0 , r i5 ring width, Wr, and offset, Xo. The same conventions are 
used to characterize the relative refractive index profiles for example b-e shown in Figs. 5-8, 
examples f-j shown in Figs. 15-19, and examples 1 and 2 of Figs. 13-14, and will not be 
repeated therein for clarity. 

[0035] The central core segment 22 of family of dispersion compensating fibers 20 has a 
relative refractive index percent, A] %, of preferably less than 3.0 % and greater than 1 .0 %; 
more preferably less than 2.1% and greater than 1.5%; more preferably yet less than 2.0 % 
and greater than 1 .7 %; and most preferably of within the range of from about 1 .7 % and 1 .9 
%. Further, the central core has an alpha profile with an alpha, a, of less than 5.0; more 
preferably less than 3.0; and most preferably about 2.0. Additionally, central core segment 
22 exhibits an outer radius, r p preferably between 1.4 and 1.9 |um; more preferably within the 
range of from about 1.50 and 1.8 jim; and most preferably in the range between 1.61 and 1.71 
|im. Outer radius, r p of the central core segment 22 is measured to, and defined by, the 
intersection of the descending leg of the refractive index profile of the central core segment 
22 with the horizontal axis extension 27 corresponding to, and extending from, the index of 
the cladding layer 30, which is preferably constructed of pure silica. The refractive index 
profile of the central core segment 22 is preferably formed by doping pure silica with a 
sufficient amount of germania such that its index of refraction is raised and, therefore, 
provides the desired Ai% and alpha. 

[0036] An annular moat segment 24 of dispersion compensating fiber 20 surrounds, and is in 
contact with, the central core segment 22 and has a negative minimum relative refractive 
index percent, A 2 %, preferably more negative than -0.3 %; and more preferably within the 
range from about -0.30 % to -0.50 %. Further, the moat segment 24 has a width, defined as 
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T2-Tu of between about 2.4 to about 3.5 jam. Outer radius, r 2 , of moat segment 24 is measured 

to the intersection of the moat segment 24 and the ring segment 26. In particular, the outer 
radius, r 2 , is measure to, and defined by, the intersection of the ascending outer leg of the 

profile of the moat segment 24 with the horizontal axis 27 corresponding to the refractive 
index of the cladding layer 30 (preferably pure silica). The outer radius r 2 of the moat is 
preferably located between about 3.9 and 5.3 jam; more preferably between 4.4 and 4.9 jam 
from the fiber's centerline. Moat segment 24 is preferably formed by doping silica with 
fluorine in an amount sufficient to reduce the refractive index thereof relative to the cladding 
30 in the amount to achieve the desired relative refractive index of the moat segment, A 2 %. 
Accordingly other suitable glass modifiers which lower the refractive index may also be 
employed. 

[0037] Surrounding the moat segment 24 is annular ring segment 26 of the dispersion 
compensating fiber 20. The raised-index ring 26 preferably has a relative refractive index 
percent, A3 %, of between about 0.20 and 0.60 %; more preferably of within the range of 
from about 0.24 % and 0.54 %. Ring segment 26 has a half-height width, Wr, preferably 
within the range of from about 0.8 |am to about 2.2 (am, measured from side point to side 
point. The half height width, Wr, has a center point radius, r3, measured from the fiber 
centerline to the bisection point, 28c, of width, Wr, of preferably between about 5.5 (am to 
about 7.7 jam; more preferably 6.1 to 7.0 jam. The ring width, Wr, is equal to r 0 -ri, where r Q is 
the dimension from the centerline, CL, to the half height point 28b, and, likewise, r* is the 
dimension from the fiber centerline, CL, to the half height point 28a. The half height points, 
28a, 28b, are measured at, and defined as, the points on the ascending and descending legs of 
the ring segment 26 where the delta value equals one-half of A3 %. The ring segment 26 is 
preferably formed by doping with germania sufficient to up-dope the ring relative to the clad 
layer 30 the desired amount to provide the desired ring profile and relative refractive index, 
A3%. According to the invention, the ring segment 26 (defined by the location of Wr) is 
offset from the edge of the moat segment 24 by a distance Xo. The offset dimension, Xo, for 
the dispersion compensation fiber 20 is defined by the relationship: 

Xo = r 3 -r 2 - Wr/2. 
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The offset of the ring, Xo, from the edge of the moat segment 24 is preferably greater than 
0.4 jam; more preferably greater than 0.75 |nm; more preferably yet greater than 0.9 |im; and 
most preferably between 0.75 and 2.0 )im. In some embodiments, inward toward the center 
of the fiber, the ring segment 24 may include a portion 26a having a delta % raised slightly 
above the level of cladding 30; typically on the order of between 0.05 and 0.2%. Optionally, 
as shown in Fig. 5, the portion 26a may be of approximately the same index as the clad layer 
30. 

[0038] The clad layer 30 surrounds and abuts the ring segment 26 and has a relative 
refractive index percent A c % of approximately 0%, and an outer radius of about 62.5 jum. 
The clad layer 30 is preferably manufactured from pure, undoped, silica glass. However, it 
should be understood that the clad layer 30 may be slightly up or down-doped as well 
provided that the relative refractive index profile described herein is achieved. 

[0039] Various embodiments of dispersion compensating fiber 20 are described herein in 
accordance with the invention and each preferably has a core/moat ratio, defined as the 
central core radius, t u divided by the outer moat radius, r 2 , of less than 0.4. More preferably, 
the core/moat ratio is less than 0.39; and most preferably between about 0.33 and 0.39. 
Further, the moat/ring ratio of the fiber 20, defined as the outer moat radius, r 2 , divided by the 
ring center radius, r 3 , is preferably between about 0.66 and 0.72. 

[0040] Moreover, the dispersion compensating fiber 20 according to embodiments of the 
present invention described herein exhibits desired optical properties at a wavelength of about 
1550 nm adapted to allow excellent dispersion compensation of accumulated dispersion when 
used in a system with a standard single mode optical fiber. Dispersion compensating fiber 20 
in accordance with embodiments described herein preferably has total dispersion of less than 
-120 ps/nm/km and greater than -145 ps/nm/km; more preferably less than -120 ps/nm/km 
and greater than -132 ps/nm/km at 1550 nm. The total dispersion slope at 1550 nm is 

2 2 

preferably less than -0.36 ps/nm /km; and in some embodiments, less than -0.40 ps/nm /km; 

2 2 

and preferably in the range of less than -0.36 ps/nm /km and greater than -0.56 ps/nm /km; 



Page 11 of 27 



more preferably less than -0.40 ps/nm /km and greater than -0.55 ps/nm /km; most preferably 

2 2 

less than -0.41 ps/nm /km and greater than -0.47 ps/nm /km. The preferred kappa, defined as 
the total dispersion at 1550 nm divided by the total dispersion slope at 1550 nm, for the fiber 
20 is preferably greater than about 200 nm; more preferably greater than 240 nm; and more 
preferably yet between about 240 nm and 335 nm at 1 550 nm; with a more preferable range 
of between 250 and 320 nm at 1550 nm; and most preferably between 275 nm and 300 nm at 
1550 nm. The effective area of the fibers 20 are preferably greater than or equal to about 

2 2 

19.0 nm at 1550 nm; more preferably greater than or equal to about 20.0 (im at 1550 nm, 
and the mode field diameter at 1550 nm is preferably greater than 4.8 |iim. 

[0041] Calculated lateral load bend loss of the fibers 20 at 1550 nm is preferably less than or 
equal to about 5.0 dB/m, and more preferably of less than or equal to about 3.0 dB/m; and 
calculated pin array bend loss exhibited by the fibers 20 is less than about 40 dB at 1550 nm, 
and in some embodiments less than 30 dB at 1550 nm. The dispersion compensating fibers 
20 of the present invention further exhibits a preferred theoretical cutoff wavelength of the 
LP02 mode of less than about 1700 nm, and of the LPn mode of less than about 1750 nm. 
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[0042] Table 1 below illustrates the modeled (calculated) optical properties for several 
examples of dispersion compensating fiber in accordance with embodiments of the invention. 



[0043] Table 1 - Optical Properties For Dispersion Compensating Fibers 



Example # 


a 


b 


c 


d 


e 


Total Dispersion 
(ps/nm/km) 
@ 1550 nm 


-124 


-141 


-140 


-125 


-138 


Dispersion Slope 

2 

(ps/nm /km) 
@ 1550 nm 


-0.46 


-0.51 


-0.50 


-0.42 


-0.47 


K(am) 
(a), 1550 nm 


268 


279 


280 


296 


294 


Lateral Load Loss 
@ 1550 NM (dB/m) 


1.72 


1.61 


2.41 


1.71 


2.49 


Pin Array 
Bend Loss 
@ 1550 nm (dB) 


30.3 


22.0 


27.3 


23.9 


17.3 


Effective Area 
@ 1550 nm (um ) 


21.2 


21.0 


22.0 


21.6 


22.7 


MFD 
@ 1550 nm (um) 


5.11 


5.02 


5.15 


5.15 


5.21 


Xcth LP02 (nm) 


1581 


1589 


1610 


1598 


1643 j 


Xcth LPn (nm) 


1419 


1487 


1556 


1491 


1706 


Attenuation 
@ 1550 nm (dB/km) 


0.451 


0.456 


0.453 


0.451 


0.452 


FOM @ 1550 nm 
(ps/nm/dB) 


275 


309 


309 


277 


305 
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[0044] Table 2 below includes dispersion compensating fiber examples a-e in accordance 
with embodiments of the invention and further defines the physical structure of the family of 
refractive index profiles that yield optical properties within desired performance ranges. 



[0045] Table 2 -Physical Structure For Example Fibers a-e 



Example # 


a 


b 


c 


d 


e 


A, (%) 


1.83 


1.83 


1.83 


1.83 


1.78 


ri dim) 


1.65 


1.67 


1.64 


1.64 


1.70 


A 2 (%) 


-0.37 


-0.46 


-0.40 


-0.35 


-0.36 


r 2 Oun) 


4.63 


4.32 


4.84 


4.66 


4.62 


Moat Width Oim) 


2.98 


2.65 


3.20 


3.02 


2.92 


A 3 (%) 


0.44 


0.36 


0.27 


0.40 


0.49 


r 3 (jim) 


6.66 


6.18 


6.80 


6.79 


6.92 


i-j (fim) 


6.25 


5.36 


5.78 


6.24 


6.38 


r 0 (pm) 


7.16 


7.00 


7.82 


7.33 


7.46 


Wr (fim) 


0.92 


1.64 


2.04 


1.09 


1.08 


Xo (fim) 


1.59 


1.04 


0.94 


1.58 


1.76 


Alpha 


2.0 


2.0 


2.0 


2.0 


2.0 


Core-Moat Ratio 


0.36 


0.39 


0.34 


0.35 


0.37 


Moat/Ring Ratio 


0.70 


0.70 


0.71 


0.69 


0.67 



[0046] Figs. 9-11 illustrate certain optical parameter plots for the dispersion compensating 
fiber examples a-e. In particular, the plots include total dispersion across at least the 
extended C wavelength band from 1525 to 1570 nm (See Fig. 9), total dispersion slope across 
at least the extended C wavelength band from 1525 to 1570 nm (Fig. 10), and kappa across at 
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least the extended C wavelength band from 1525 to 1570 nm (Fig. 1 1), respectively, for 
dispersion compensating fiber examples a-e. The wavelength band from 1525 to 1570 nm is 
generally referred to as the "extended C band," and is the preferred wavelength band of 
operation for systems employing the dispersion compensating fiber in accordance with the 
present invention. However, it should be apparent that the dispersion compensation fiber in 
accordance with the invention may be used over other wavelength bands, such as the C band 
(1525 to 1565 nm). 

[0047] Further examples of the dispersion compensating fiber 20 in accordance with 
embodiments of the invention are described with reference to Tables 3 and 4 below. 



[0048] Table 3 - Optical Properties For Dispersion Compensating Fibers 



Example # 


f 


g 


h 


i 


j 


Total Dispersion 
(ps/nm/km) 
@ 1550 nm 


1 OA 

-12o 


1 O 1 

-121 


-1 31 


111 
-121 


IOC 

-125 


Dispersion Slope 

(ps/nm /km) 
@ 1550 nm 


-0.44 


-0.45 


-0.41 


-0.40 


-0.50 


A (nm) 
@ 1550 nm 


288 


262 


318 


291 


250 


Lateral Load Loss 
@ 1550 NM (dB/m) 


1.53 


1.26 


1.93 


0.83 


2.74 


Pin Array 
Bend Loss 
@ 1550 nm (dB) 


18.7 


15.3 


23.7 


14.9 


33.0 


Effective Area 
@ 1550 nm (urn ) 


21.3 


20.6 


22.1 


19.8 


22.6 


MFD 
@ 1550 nm (urn) 


5.14 


5.06 


5.18 


4.96 


5.24 


X,c LP02 (nm) 


1613 


1621 


1604 


1584 


1610 


X.c LPn (nm) 


1537 


1545 


1528 


1413 


1540 


Attenuation 
@ 1550 nm (dB/km) 


0.452 


0.452 


0.453 


0.453 


0.448 


FOM @ 1550 nm 
(ps/nm/dB) 


278 


268 


290 


267 


278 
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[0049] Table 4 below includes dispersion compensating fiber examples f-j (shown in Figs. 
15-19) in accordance with further embodiments of the invention and further defines the 
physical structure of the family of refractive index profiles that yield optical properties within 
desired performance ranges. The profile examples f-j (shown in Figs. 15-19) are described 
using the conventions shown in the refractive index profile shown in Fig. 4. 



[0050] Table 4 -Physical Structure For Example Fibers f-j 



Example # 


f 


g 


h 


i 


j 


Ai (%) 


1.82 


1.82 


1.82 


1.92 


1.72 


ri (fim) 


1.68 


1.69 


1.67 


1. 62 


1. 72 


Z\2 ^ /o ) 


n 17 


C\ 17 


-U.j / 


n 17 

-U.J / 


n 17 
-U.J / 


turn tvl l 


A ^ 


A ^7 


A ^7 




A 7Q 


Moat Width dim} 

1T1UA1 TT 1UI11 1 UlU J 


2 87 


2 RR 




2 87 


^ OR 


A 3 (%) 


0.44 


0.44 


0.44 


0.43 


0.46 


r 3 (fim) 


6.71 


6.78 


6.67 


6.58 


7.00 


n G«n) 


6.23 


6.26 


6.19 


6.09 


6.48 


r G (Jim) 


7.21 


7.27 


7.18 


7.04 


7.50 


Wr(jim) 


0.98 


1.01 


0.99 


0.95 


1.02 


Xo Gun) 


1.67 


1.71 


1.66 


1.61 


1.70 


Alpha (a) 


2.0 


2.0 


2.0 


2.0 


2.0 


Core-Moat Ratio 


0.37 


0.37 


0.37 


0.36 


0.36 


Moat/Ring Ratio 


0.68 


0.67 


0.68 


0.68 


0.68 
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Experimental Examples 

[0051] Several examples of the dispersion compensating fiber 20 in accordance with the 
invention were actually manufactured and tested. Optical properties of experimental 
Examples 1 and 2 are illustrated in Table 5 below; the profiles of which are shown in Figs. 13 
and 14, respectively. 



[0052] Table 5 - Experimental Examples 



Example # 


Ex. 1 


Ex.2 


Fig.# 


Fig. 13 


Fig. 14 


Dispersion 
@ 1550 nm 
(ps/nm/km) 


-123.3 


-128.8 


Dispersion Slope 
@ 1550 nm 
(ps/nm 2 /km) 


-0.420 


-0.476 


Kappa 
@ 1550 nm 
(nm) 


293 


271 


Mode Field Diameter 
@ 1550 nm 
(um 2 ) 


5.15 


5.17 


Pin Array 
@ 1550 nm 
(dB) - predicted 


17.7 


27.7 


Lateral Load 
@ 1550 nm 
(dB/m) - predicted 


1.45 


2.32 


Attenuation 
@ 1550 nm 
(dB/km) 


0.406 


0.422 


FOM 
@ 1550 nm 


304 


305 



[0053] Figs. 2 and 3 illustrate optical transmission systems 32, 32a employing the dispersion 
compensating fiber 20 according to the embodiments of the invention described herein. The 
systems 32, 32a include an optical signal transmitter 40, and a transmission fiber 36 optically 
coupled to, and in optical communication with, the transmitter 40. The transmission fiber 36 
is preferably a standard single mode fiber, such as, for example, SMF-28®, available from 
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Corning Incorporated of Corning, NY. The standard single mode transmission fiber 36 has a 
positive total dispersion and positive total dispersion slope at 1550 nm, for example. In 
particular, the transmission fiber 36 utilized in the systems 32, 32a preferably have total 
dispersion at 1550 nm of between about 14 and 21 ps/nm/km (nominally about 16.7 
ps/nm/km at 1550 nm). The dispersion slope of the transmission fiber 36 in the systems 32, 
32a is preferably between about 0.044 and 0.067 ps/nm 2 /km (nominally about 0.06 
ps/nm 2 /km); and kappa at 1550 nm is preferably between about 250 and 350 nm (nominally 
about 278 nm). The transmission fiber 36 preferably has a step index profile with a zero 
dispersion wavelength, X 0 , between about 1300 and 1325 nm, a core delta % of between 
about 0.34 % and 0.38 % and an effective area at 1550 nm of greater than about 70 jLim 2 . 

[0054] The dispersion compensating fiber 20 is optically coupled to the transmission fiber 36 
and also, preferably, to one or more amplifiers (or amplifier stages) 42, and is selected such 
that the total negative dispersion generated by the dispersion compensating fiber 20 is of a 
sufficient amount to substantially compensate for the accumulated dispersion of the span of 
transmission fiber 36. By the term "substantially compensate" what is meant is that the 
dispersion compensation is of such a magnitute that the dispersion at the end of the length of 
dispersion compensating fiber 20 (and at the end of the span including the length of 
transmission fiber 36) is made to be approximately zero. "Substantially compensate" also 
includes conditions where the dispersion of the span is intentionally slightly (by as much as 5 
percent) under or over compensated for, for example at any wavelength within the operating 
wavelength band. Fig. 2 illustrates a single fiber span (including the transmission fiber 36 
and dispersion compensating fiber 20) connected to and optically coupled between a 
transmitter 40 and receiver 44. In contrast, the system 32a includes coupling to a repeater 42 
and another length of transmission fiber 36b, such that the system includes multiple spans. 
The transmission systems may also include other conventional optical components such as 
connectors, couplers, etc. 

[0055] In accordance with the invention, the dispersion compensating fiber 20 may be 
included in a dispersion compensating module 38 by winding the fiber onto a spool or reel 
and/or otherwise packaging the fiber in an enclosure. Optionally, the dispersion 
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compensating fiber 20 may be cabled, serially coupled to the transmission and laid out 
lengthwise (as opposed to winding on a spool) and, therefore, may contribute to the overall 
span length. As shown in Figs. 2 and 3, the Xs connote splices or connectors optically 
coupling the respective system components. 

[0056] As should be recognized, the more negative dispersion of the dispersion compensating 
fiber 20 in accordance with the invention allows for the use of shorter lengths of dispersion 
compensating fiber to compensate for the dispersion accumulated in the length of 
transmission fiber 36. This has the further advantage of increasing the Figure Of Merit, 
FOM, of the fiber as the attenuation penalty for having more negative dispersion is small. 
The FOM, defined as the absolute value of total dispersion at 1550 nm divided by attenuation 
at 1550 nm, for the family of dispersion compensating fibers 20 in accordance with the 
invention preferably has an absolute value greater than about 240 ps/nm/dB at 1550 nm; more 
preferably greater than 260 ps/nm/dB; more preferably yet greater than 275 ps/nm/dB at 1 550 
nm; and in some embodiments greater than about 300 ps/nm/dB at 1550 nm. Likewise, the 
higher dispersion value allows for a reduction in IL when the dispersion compensating fiber 
is included in a dispersion compensating module. Accordingly, the cost and size of the 
module is advantageously reduced, as is the overall system attenuation. 

[0057] By way of example, a length of about 10-15 km of the dispersion compensating fiber 
20 in accordance with the invention may compensate for the built up dispersion of 100 km of 
the transmission fiber 36 described above. In addition, the residual dispersion amplitudes for 
such a system over a desired operating wavelength band (1525 to 1570 nm) is less than +/- 15 
ps/nm per 100 km of the transmission fiber 36; and less than +/- 10 ps/nm per 100 km of the 
transmission fiber 36 for some of the embodiments described herein. Table 6 below 
illustrates the system residual dispersion amplitude over the wavelength band from 1525 to 
1570 nm. As should be apparent, the dispersion compensating fibers 20 in accordance with 
the invention have utility for minimizing system residual dispersion over the operating 
wavelength band (at least 1525-1565 nm). 
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[0058] Table 6 - System Residual Dispersion with Fiber Ex. a-e 



Parameter 


Ltrans 

(km) 


Ldcf 
(km) 


+/- Residual 

MlJ lo Jr ML lv>3 1 \J IN 

(1525 - 1570 nm ) 
(ps/nm per 100 km) 


Ex. a 


100 


13.46 


+1-6 


Ex. b 


100 


11.85 


+1-5 


Ex. c 


100 


12.00 


+1-5 


Ex.d 


100 


13.35 


+/-8 


Ex. e 


100 


12.14 


+1-9 



[0059] Fig. 12 illustrates plots of calculated residual dispersion in ps/nm for a 100 km length 
of the standard single mode transmission fiber 36 having dispersion at 1550 nm of about 16.7 
ps/nm/km and a dispersion slope of about 0.06 ps/nm 2 /km at 1550 nm optically coupled to 
the various examples (a-e) of the dispersion compensating fiber 20. As can be seen, the 
residual dispersion for the system is less than +/-1 5 ps/km over the wavelength band of 
between 1525 to 1570 nm for a 100 km length of the standard single mode transmission fiber; 
and more preferably less than +/- 10 ps/km over the wavelength band of between 1525 to 
1570 nm. For some of the examples (Ex. a, b, and c), the residual dispersion is less than or 
equal to +/- 6 ps/nm for 100 km of the transmission fiber 36 over the range from 1525 to 
1570 nm. Accordingly, it should be recognized that the dispersion compensating fiber in 
accordance with the invention offers excellent dispersion compensation over the operating 
wavelength range. 



[0060] Regarding fabrication methods, the dispersion compensating fiber 20 may be 
constructed via a variety of methods including, but in no way limited to, vapor axial 
deposition (VAD), modified chemical vapor deposition (MCVD), plasma chemical vapor 
deposition (PCVD), and outside vapor deposition (OVD). It will be apparent to those skilled 
in the art that various modifications and variations can be made to the present invention 
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without departing from the scope of the invention. Thus it is intended that the present 
invention cover the modifications and variations of this invention provided they come within 
the scope of the appended claims and their equivalents. 
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